Evaluate changes in aortic annular dimensions in relation to severe aortic stenosis (AS) and left ventricular (LV) dysfunction.
Introduction
Previous epidemiological study such as the Euro Heart survey has shown that up to 33% of elderly patients with symptomatic severe aortic stenosis (AS) were denied or not referred for conventional surgical aortic valve replacement due to advanced age and associated left ventricular (LV) dysfunction. 1 Transcatheter aortic valve implantation (TAVI) has been shown to be a feasible therapeutic alternative. 2 -8 In these severe AS patients, selection of the appropriate transcatheter valve size depends on the dimensions of the native aortic root assessed by non-invasive cardiac imaging. 9 However, the impact of severe AS and associated LV dysfunction on changes in aortic root dimensions is unknown. Furthermore, the percentage of severe AS patients potentially excluded from † A.C.T.N. and K.-H.Y. contributed equally to this work and should be considered joint first authors.
TAVI due to unfavourable aortic root dimensions is unknown. Multi-detector row computed tomography (MDCT) provides highresolution, detailed three-dimensional anatomical information on the native aortic valve and root. We have previously demonstrated its utility in quantifying aortic root dimensions and geometries in severe AS patients undergoing TAVI. 5 Thus, the aim of the present evaluation was to examine the impact of LV geometry and function on aortic annular dimensions in severe AS patients, and the implications for TAVI.
Methods

Patient population
Ninety patients with symptomatic severe AS underwent MDCT for assessment of aortic root dimensions in order to determine the technical feasibility for TAVI with the Edwards SAPIEN valve (Edwards Lifesciences Inc., CA, USA). All severe AS patients were considered not suitable for conventional aortic valve replacement due to excessive surgical morbidity and mortality risks based on the consensus agreement of a group of cardiothoracic surgeons and cardiologists.
To assess and compare the range of aortic root dimensions in severe AS vs. non-AS patients, MDCT data from 111 non-AS patients frequency matched to gender and LV ejection fraction (EF) were retrospectively analysed. 10 All non-AS patients were clinically referred for assessment of coronary artery disease by MDCT for atypical chest pain, a positive or inconclusive exercise electrocardiogram test, or an elevated risk profile for cardiovascular disease. 10 All non-AS patients had structurally normal aortic valves with no evidence of stenosis or regurgitation on MDCT and echocardiography. Exclusion criteria for all AS and non-AS patients included the presence of bicuspid aortic valve, previous prosthetic valve implantations, congenital heart diseases, and contraindications for MDCT examination. Contraindications for MDCT examination included supraventricular or ventricular arrhythmias, renal insufficiency defined as a glomerular filtration rate ,30 mL/min, known iodine contrast allergy, severe claustrophobia, and pregnancy.
Data collection
All patients were from a single centre and clinical data were collected from the departmental Cardiology Information System (EPD-Vision w , Leiden University Medical Center, Leiden, the Netherlands). Multidetector row computed tomography examination included assessments of aortic root anatomy, and LV structure and function. Assessment of aortic root anatomy included quantifications of aortic annular diameters, planimetered cross-sectional areas, eccentricity, and aortic root height. Assessment of LV geometry and function included quantifications of LV mass, volumes, sphericity, and LVEF as previously published. 11 In addition, all AS patients underwent transthoracic echocardiography which confirmed the presence of severe AS. 12 The range of aortic annular dimensions and geometry was initially evaluated and compared between severe AS vs. non-AS patients. Patients with severe AS were significantly older and had a smaller body surface area (BSA) compared with non-AS patients. Thus, comparisons of the aortic annular dimensions and geometry were also performed after adjusting for differences in the baseline characteristics. As severe AS patients may develop concomitant LV dysfunction, the impact of LV structure and function on changes in aortic annular dimensions in AS patients were also examined. Finally, from the available range of Edwards SAPIEN valve sizes ( Multi-detector row computed tomography data acquisition
All patients underwent MDCT examinations using a 320-slice MDCT scanner (Aquilion ONE, Toshiba Medical Systems, Otawara, Japan). Multi-detector row computed tomography data were acquired with a collimation of 320 × 0.5 mm and a gantry rotation time of 350 ms. Prospective dose modulation was used in all patients in order to perform LV measurements. Maximum tube current was attained at 75% (when heart rate ,60 bpm) or 65 -85% (when heart rate ≥60 bpm). The tube current outside of the pre-defined interval was 25% of the maximal tube current. Imaging of the entire heart was performed within a single heart beat when heart rate was ≤65 bpm. When heart rate was .65 bpm, images were acquired over two heart beats. A total of 146 (72.6%) patients were imaged in a single heart beat. Radiation dose was estimated by using the dose length product (DLP) generated by the CT scanner, and multiplying the DLP by the conversion factor 0.017. 14 The estimated mean radiation dose for the prospectively ECG triggered modulated scans was 13.1 + 4.9 mSv. Patient's heart rate and blood pressure were monitored prior to each scan and beta-blockers (50-100 mg metoprolol orally) were administered in the absence of contraindications if heart rate exceeded a threshold of 65 bpm. All scans were performed during midinspiratory breath-hold and 80 -90 mL of non-ionic contrast (Iomeron 400, Bracco, Milan, Italy) was injected into the antecubital vein. Subsequently, data sets were reconstructed in 10 series of 2.0 mm slices at every 10% of the cardiac cycle, starting at onset of systole (0% of cardiac cycle) to end-diastole (90% of cardiac cycle). All MDCT images were subsequently exported to dedicated workstations (Vitrea2, Vital Images, Minneapolis, MN, USA) for off-line post-processing.
Multi-detector row computed tomography image analysis
To assess the aortic annular dimensions and geometry, mid-systolic images of the aortic root at 30% of RR interval were selected. Using the three orthogonal multiplanar reformation (MPR) planes, a long-axis image of the aortic annulus (similar to the parasternal long-axis view on transthoracic echocardiography) was obtained ( Figure 1 ). Next, two orthogonal MPR planes bisect the long axis of the aortic annulus in parallel, and the third transverse plane bisects the aortic annulus directly beneath the lowest insertion points of all three aortic cusps to obtain the short-axis aortic annular view. Previous study has demonstrated that the aortic annulus had an elliptical geometry. 5 Thus, the mean aortic annular diameters were calculated from the major and minor diameters of the elliptical aortic annulus ( Figure 1 ). To determine the aortic annular geometry, an eccentricity index was calculated using the major and minor diameters from the short-axis aortic annular image. 15 An eccentricity index of zero would represent a perfect circle, while progressively higher eccentricity index represent progressively more ellipsoid geometry. The height of the aortic root (including annulus to sinus of Valsalva, sinotubular junction, and coronary ostia) was also measured as previously published. 7 Previous study has demonstrated the ability of MDCT to accurately quantify LV volumes and LVEF.
11 Thus, to assess LV structure and function (including LV mass, volumes, and EF), end-systolic and end-diastolic images were selected. The upper limit of the LV was defined as the basal level of the mitral valve and the start of the left ventricular outflow tract (LVOT). Epicardial and endocardial borders were semi-automatically outlined from the LV base to apex on the short-axis images. Both papillary muscles were excluded from the LV mass and volume calculations. Left ventricular end-diastolic volume (EDV) and end-systolic volume (ESV) were obtained, and LVEF was calculated and expressed as a percentage. Left ventricular mass -cavity ratio (which is conceptually similar to relative wall thickness) was also calculated as previously described, with a higher mass -cavity ratio indicating increasing relative wall thickness. 16 Furthermore, LV geometry was also assessed by calculating end-diastolic LV sphericity index as previously published. 17 Briefly, the end-diastolic LV volume was divided by the volume of a sphere whose diameter is equal to the major axis of the LV. As the sphericity index increases, the shape of the LV approaches that of a sphere.
Echocardiography
All AS patients underwent transthoracic echocardiography at rest using commercially available ultrasound systems (Vivid 7 and E9 system, GE-Vingmed, Horten, Norway). All images were digitally stored on hard disks for offline analysis (EchoPAC version 108.1.5, GE-Vingmed, Horten, Norway). The presence of severe AS was confirmed based on recommended definitions by the European Association of Echocardiography and American Society of Echocardiography. 12 
Statistical analysis
All continuous variables were tested for Gaussian distribution as determined by the Kolmogorov -Smirnov test. Continuous variables were presented as mean + 1 SD unless otherwise stated. Categorical variables were presented as frequencies and percentages, and were compared using Chi-square test with Yates' correction. Unpaired Student's t-test was used to compare two groups of continuous variables of Gaussian distribution. Analysis of covariance was used to compare the mean aortic annular diameter, planimetered area, and eccentricity index between patients with and without AS, with age and BSA entered as covariates. Multiple linear regression analyses were performed to determine the independent association between LVEF and aortic annular/LVOT diameters in severe AS patients with age, gender, BSA, LV mass, and LV sphericity index entered as covariates. To avoid multi-colinearity, a tolerance of .0.5 was set. A two-tailed P-value of ,0.05 was considered significant. All statistical analyses were performed using SPSS for Windows (SPSS Inc, Chicago), version 17.
Results
Comparisons between aortic stenosis and non-aortic stenosis patients On MDCT examination, patients with severe AS had significantly larger LV mass (210 + 63 vs. 150 + 38 g, P , 0.001) and relative wall thickness as reflected by the LV mass -cavity ratio (1.60 + 0.53 vs. 1.07 + 0.24, P , 0.001) compared with patients without AS. There were no significant differences in LV volumes and LVEF. Figure 2 shows the mean aortic annular diameter range in the entire study cohort, and between patients with and without AS. There were no significant differences in the mean aortic annular diameter, planimetered area, and eccentricity index between patients with and without severe AS ( Table 2) . As patients with severe AS were significantly older and had a smaller BSA compared with controls, multivariate analyses adjusted for these baseline differences were performed. However, the mean aortic annular diameter (P ¼ 0.40), planimetered area (P ¼ 0.20), and eccentricity index (P ¼ 0.41) were still not significantly different between patients with and without AS despite after adjusting for baseline differences in age and BSA.
Impact of left ventricular geometry and function on aortic annular dimensions
To examine the impact of LV geometry and function on the aortic annular dimensions, all patients with severe AS were dichotomized into two groups based on the presence of preserved (≥50%) or impaired (,50%) LVEF (Table 3) . There were 55 patients with severe AS and preserved LVEF, and 35 patients with severe AS and impaired LVEF. Patients with impaired LVEF had significantly larger LVEDV, LVESV, and LV mass. Furthermore, patients with impaired LVEF had a more spherical LV geometry as reflected by the sphericity index (0.35 + 0.09 vs. 0.28 + 0.06, P , 0.001). Severe AS patients with impaired LVEF had significantly larger mean aortic annular diameter (26.4 + 1.9 vs. 24.5 + 2.1 mm, P , 0.001) (Figure 3) . However, there were no significant differences in the aortic annular eccentricity indices ( Table 3) .
To determine the independent associations between LVEF and the mean aortic annular diameter in patients with severe AS, multiple linear regression analysis was performed, adjusted for age, gender, BSA, LV mass, and LV sphericity index. Analyses of the aortic root were also repeated in the control patients without severe AS. Similarly, control patients with reduced LVEF (24.3%) had significantly larger mean aortic annular diameter compared with control patients with preserved LVEF (26.5 + 1.5 vs. 25.4 + 2.1 mm, P ¼ 0.005). On multiple linear regression, the presence of an impaired LVEF was also independently associated with a larger mean aortic annular diameter (standardized b ¼ 0.173, P ¼ 0.036).
Theoretical suitability for transcatheter aortic valve implantation based on multi-detector row computed tomography mean annular diameter Based on currently available and upcoming Edwards SAPIEN valve sizes (Table 1), 6.7% of severe AS patients would qualify for a 23 mm valve, 38.9% of patients would qualify for a 26 mm valve, and 43.3% of patients would qualify for a 29 mm valve (Figure 4) . However, 11.1% of severe AS patients may not satisfy the aortic annulus anatomical requirements due to a mean annular diameter .28 mm. No patients had a mean annular diameter ,18 mm.
Discussion
The present evaluation showed that patients with severe AS had similar aortic annular dimensions compared with patients without AS. However, the presence of associated LV dysfunction was a significant independent determinant of a larger aortic annular diameter in patients with severe AS. Importantly, there was a wide range of aortic annular diameters, and up to 11.1% of severe AS patient would be considered unsuitable for TAVI due to a mean aortic annular diameter of .28 mm.
Comparison of aortic annular dimensions in aortic stenosis patients vs. controls
Previous studies comparing the aortic root anatomy between AS patients and normal controls have shown conflicting results. 18, 19 Akhtar et al. 18 demonstrated that the aortic annular diameter was similar between severe AS patients and controls, whereas Stolzmann et al. 19 found that patients with severe AS had significantly larger aortic annular diameters compared with controls. This difference could be explained by the different methods used to quantify aortic annular diameters in both studies. Akhtar et al. 18 measured minimal and maximal aortic annular diameters from the true short-axis view (similar to the present study), whereas Stolzmann et al. 19 measured from an oblique coronal view (which may not necessarily correspond to the maximal diameter in the short-axis view). Furthermore, Stolzmann et al. 19 did not report if patients with severe AS had similar LV volumes and LVEF compared with controls in the study. As presently shown, severe AS patients with LV dysfunction and LV dilatation had significantly larger aortic annular diameters. Thus, the present results suggested that the presence of LV dysfunction, not the presence of severe AS, was associated with a larger aortic annulus.
Figure 2
Range of mean aortic annular diameters in the entire study cohort (A), and in patients with (B) and without severe aortic stenosis (C). The mean aortic annular diameter for the entire study cohort was 25.5 mm. There was no significant difference in the mean aortic annular diameters between patients with or without severe aortic stenosis.
Interaction between left ventricular geometry and function and aortic annular sizes
Although the aforementioned studies have compared aortic annular sizes in patients with severe AS vs. controls, 18, 19 no studies to date have examined the interaction between LV function and aortic annular sizes. Patients with severe AS can develop LV dysfunction, 20 and the presence of LV dysfunction is a major determinant for the decision to deny or not refer patients to surgical aortic valve replacement. 1 As such, patients with severe AS and LV dysfunction constitutes a large proportion of those that undergo TAVI. 2, 3, 7, 21 As presently shown, patients with severe AS and LV dysfunction had significantly larger aortic annular dimensions associated with increased LV volumes and LV sphericity.
Multivariate analysis confirmed LVEF as an independent determinant of aortic annular diameter in severe AS patients despite correcting for baseline age, gender, BSA, LV mass, and LV sphericity index. Thus, this highlights the anatomical and functional interactions between severe AS, LV dysfunction, and aortic annular dimensions. This has important clinical implications for the operative selection of appropriate transcatheter valve sizes for TAVI patients.
Feasibility for transcatheter aortic valve implantation
A large group of severe AS patients who clinically underwent MDCT for evaluation of the aortic root prior to TAVI were included in the present evaluation. There was a wide range of mean aortic annular diameters in patients with severe AS, and the aortic annular diameters were determined by gender, BSA, and LV function. Using the Edwards SAPIEN valve pre-specified anatomical annular requirements, up to 11% of patients do not qualify for TAVI due to an oversized aortic annulus, whereas no patients had a mean aortic annulus too small for TAVI. This has important clinical and engineering implications for the future development of alternative transcatheter valve sizes. Messika-Zeitoun et al. 21 recently assessed the aortic annular diameters in 45 severe AS patients using two-dimensional echocardiography and MDCT. The authors concluded that more patients would be denied the TAVI procedure if aortic annular diameters were based on MDCT measurements compared with echocardiography using the Edwards SAPIEN valve pre-specified anatomical annular requirements. 21 However, these cut-off ranges were based on twodimensional echocardiographic measurements obtained from the long-axis (three-chamber) view, which only approximates the true minor diameter of an ellipsoid-shaped aortic annulus. 5, 21, 22 Thus, to explain the differences in diameters obtained by different imaging techniques and their clinical impact, it is crucial to understand the advantages and limitations of these imaging techniques when attempting to display a three-dimensional anatomical structure, such as the aortic root. Multi-detector row computed tomography has superior spatial resolution and signal-to-noise ratio compared with echocardiography. Together with three-dimensional echocardiography, it permits quantification of the true minor and major annular diameters from the true short-axis view. 5, 22 However, it requires appropriate training in order to consistently and reproducibly reconstruct the three-dimensional data set to obtain the true short-axis aortic annular view. Furthermore, there is a need for standardization of the MDCT measurements in order to prevent confusing and conflicting results as demonstrated by previous studies by Akhtar et al. 18 and Stolzmann et al. 19 In contrast, two-dimensional transthoracic and transoesophageal echocardiography is widely available, and the anatomical aortic annular requirements for TAVI were based on two-dimensional transoesophageal echocardiographic measurements (see Supplementary material online). However, a single measurement based on a two-dimensional image does not accurately represent the three-dimensional, ellipsoid aortic annulus. Thus, it may be inaccurate to suggest that quantifying the aortic annulus diameter by MDCT will result in more patients being excluded from TAVI. As there is currently no validated goldstandard on the appropriate imaging technique to quantify aortic annular dimensions prior to TAVI, a different aortic annular cut-off requirement based on MDCT measurements may be required. However, it is not the aim of the present evaluation to derive alternative aortic annular diameters based on MDCT measurements.
Study limitations
Prospective longitudinal data on the success of different sizing methods on post-operative results such as valvular or peri-valvular aortic regurgitation were not available in the present crosssectional analysis. Furthermore, the implications of the changes in aortic root dimensions and geometries for the Medtronic CoreValve Revalving system (Medtronic, Minneapolis, MN, USA) were not evaluated. All severe AS patients in the present study had high operative risk or contraindications for conventional aortic valve replacement surgery and were referred to the TAVI program.
Thus, the present findings may only be limited to TAVI patients and not all severe AS patients who undergo conventional aortic valve replacement surgery.
Conclusions
The presence of severe AS does not result in a significant change in aortic annular dimensions and geometry. However, aortic annular diameter is significantly increased in severe AS patients with associated LV dysfunction.
Supplementary material
Supplementary material is available at European Heart Journal online. Figure 4 Range of mean aortic annular diameters in patients with severe aortic stenosis who fulfil the anatomical requirements for the Edwards SAPIEN prosthetic valves. A total of 11.1% of patients (red bars) may not be satisfy the anatomical requirements due to a mean annular diameter .28 mm. *Estimated aortic annular diameter requirement (24 -28 mm) for a 29 mm Edwards SAPIEN valve.
